Viruses constitute paradigms to study conformational dynamics in biomacromolecular assemblies. Infection by the parvovirus MVM (minute virus of mice) requires a conformational rearrangement that involves the intracellular externalization through capsid channels of the 2Nt (N-terminal region of VP2). We have investigated the role in this process of conserved glycine residues in an extended glycine-rich tract located immediately after 2Nt. Based on the virus structure, residues with hydrophobic side chains of increasing volume were substituted for glycine residues 31 or 33. Mutations had no effect on capsid assembly or stability, but inhibited virus infectivity. All mutations, except those to alanine residues which had minor effects, impaired 2Nt externalization in nuclear maturing virions and in purified virions, to an extent that correlated with the side chain size. Different biochemical and biophysical analyses were consistent with this result. Importantly, all of the tested glycine residue replacements impaired the capacity of the virion to initiate infection, at ratios correlating with their restrictive effects on 2Nt externalization. Thus small residues within the evolutionarily conserved glycine-rich tract facilitate 2Nt externalization through the capsid channel, as required by this virus to initiate cell entry. The results demonstrate the exquisite dependence on geometric constraints of a biologically relevant translocation event in a biomolecular complex.
INTRODUCTION
Viruses and their protein capsids constitute paradigms for understanding dynamic processes in biomacromolecular complexes. Conformational rearrangements are required, for example, to pack or deliver the viral nucleic acid. For some viruses, capsid rearrangements also mediate the internalization and/or externalization of different molecular components required for completion of the virus cycle [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It has recently become clear that adequately modified virions and viral capsids could be exploited for the encapsulation and targeted delivery of therapeutic genes and chemotherapeutic drugs [11] . An understanding of the structural elements and mechanisms responsible for molecular translocation processes in viral capsids may not only provide important insights into virus dynamics and function, but also facilitate the engineering of viral particles for drug uptake and delivery. DNA packaging and injection into cells have been studied in detail for some bacteriophages [12] . However, for animal viruses in general the mechanisms involved in molecular translocations through capsid openings are less well known [9, 10, 13] .
Viruses of the Parvoviridae family are of high interest for oncolytic and gene therapy applications [14] . Therefore, their icosahedral T = 1 noenveloped capsids have been subjected to multiple structure-function studies. The MVM (minute virus of mice) is one of the best studied parvoviruses and its virion and capsid structures have been solved to a high resolution [15, 16] . The capsid of MVM and other parvoviruses is formed by 60 subunits contributed by several polypeptides derived from alternative splicing and proteolytic cleavage, that show the same fold and core sequence. In MVM, VP2 is the fundamental capsid component, VP1 contributes about 10 of the 60 capsid subunits and VP3 results from the cleavage of some VP2 subunits as the virus initiates infection [17] [18] [19] . The common core domain of VP1, VP2 and VP3 is highly ordered, but 2Nt (N-terminal region of VP2) and 1Nt (N-terminal region of VP1), the latter containing the 2Nt sequence plus VP1uR (VP1-unique N-terminal region), adopt different conformations that preclude their visualization by X-ray crystallography in both the empty capsid and the virion [15, 16] . A number of 2Nts become externalized through capsid channels (pores) as the genome is packaged in virions [8, 17, 20] , or by heat treatment of native capsids [21] and VP2-only VLPs (virus-like particles) in vitro [21] [22] [23] . This treatment also triggers a subtle conformational rearrangement of the MVM capsid associated with 2Nt externalization [22] .
The VP N-terminal sequences have been proposed to serve as trafficking domains for the parvovirus particles [18] . These protein moieties, initially concealed within the capsid, must be externalized in controlled processes to exert specific functions at different stages of the viral cycle (reviewed in [7] ). The VP1uR contains a phospholipase A2 domain [24, 25] , nuclear localization signals [26] [27] [28] and other sequences required for the incoming particle to infect the host cell [26] (reviewed in [8] ). In its phosphorylated configuration 2Nt may function as a nuclear export signal for the newly matured virion [18, 29] and it is also essential to initiate infection [30] . For infectious cell entry some VP2 subunits of MVM must be intracellularly cleaved, Figure 1 Mutations at conserved glycine residues of 2Nt impair MVM infectivity (A) The glycine-rich tract in the Parvoviridae. Sequence alignment of VP2 residues 28-38 from different representative members of the following parvovirus genera [14, 32] : Parvovirus: MVM, FPV (feline panleukopenia virus), RPV (raccoon parvovirus), H1 (hamster parvovirus H1), BPV (bovine parvovirus) and PPV (porcine parvovirus); and Amdovirus: AMD (aleutian mink disease virus). (B) Localization of the glycine-rich tract in the MVM virion after externalization of the 2Nt segment. A cross-section of a capsid five-fold channel is shown. Residues 28-35 of VP2 are located within the capsid pore, with residue 28 being the closest to the outer end of the cylinder that delimits the pore. Residues 36-38 are situated at the base of the pore. The molecular model was obtained using PyMOL (http://www.pymol.org) and is based on a similar drawing in [50] . (C) Infectivity of glycine residue mutants. The Figure shows the yield of intracellular infectious virus at 48 hpt with the indicated plasmids, as determined by a standard plaque-forming unit assay. Virus titres were determined by independent experiments and normalized according to the transfection efficiency (see the Experimental section). Results are the average of two or three determinations, each carried out in duplicate, + − S.E.M.
suggesting that the 2Nt segment functions by opening the capsid channels in the endosome and facilitating the subsequent VP1uR externalization [30] .
One of the most highly conserved segments in the capsid proteins of vertebrate and insect parvoviruses including MVM is a glycine-rich tract ( Figure 1A ) located almost immediately after the 1Nt and 2Nt extensions in VP1 and VP2 respectively [31, 32] . In empty capsids of MVM [16] and the related CPV (canine parvovirus) [33] no N-terminal regions have been externalized, the channels or pores located at the capsid five-fold axes are empty, and the glycine-rich tracts remain internal and structurally disordered. In contrast, in DNAcontaining virions of MVM [15, 16] and CPV [31] some VP2 N-terminal regions have been externalized, and the capsid pores are filled with electron-dense material that corresponds to the glycine-rich tract ( Figure 1B) . A few copies of the equivalent glycine-rich segment of an insect parvovirus may also occupy some of the virion pores [34] , although in the B19 human erythrovirus the glycine-rich region is located in the central cavity, not in the five-fold channel [35] .
These structural observations by Rossmann and colleagues advanced the suggestion that the conserved glycine-rich motif in several parvoviruses may serve a common function, perhaps by facilitating the externalization of the N-terminal regions of some capsid subunits [33, 34] . To date it was experimentally untested whether the conserved glycine-rich tract of any parvovirus is involved in N-terminal region translocation or needed for infection and, if so, which step(s) of the virus cycle may be affected. In the present study we aimed to obtain experimental proof for a role of conserved glycine residues in the glycine-rich tract on MVM infectivity and, specifically, in the functionally important dynamic process involving translocation of 2Nt in parvovirus particles.
MATERIALS AND METHODS

Recombinant plasmids and mutagenesis
The QuikChange TM site-directed mutagenesis kit (Stratagene) was used on the plasmid pSVtk-VP1/2 which contains the VP1/VP2 gene of the MVMp (MVM strain p). The presence of the mutations was confirmed by DNA sequencing. The same mutations were introduced by subcloning [26] in a MVMp infectious clone [36] . For the modification of VLPs, the same mutagenesis procedure was used on the plasmid pFB1-VP2 [22] , and the mutagenized pFB1-VP2 was used as a donor plasmid to construct the recombinant BM-VP2 baculovirus shuttle, using the Bac-toBac Baculovirus Expression system (Invitrogen) following the manufacturer's instructions, with minor modifications [37] .
In situ IF (immunofluorescence)
Human NB324K cells were infected or electroporated and subjected to IF analysis with minor modifications as described previously [26, 38, 39] . The primary antibodies were: (i) a rabbit polyclonal antibody that recognizes both unassembled and assembled VP subunits of MVM (anti-VPs) [23, 39] ; (ii) mouse Mab-B7 that recognizes the assembled MVM capsid only [38, 40] ; and (iii) a rabbit polyclonal antibody elicited against the 2Nt peptide of MVMp [18] .
Expression of VLPs in insect cells
Recombinant BM-VP2 bacmids (parental and mutants) were used to transfect insect cells as described previously [22] , with minor modifications. The cells were washed with TC-100 medium, and 1 ml of transfection mixture containing 1.5 μg of BM-VP2 DNA and Lipofectamine TM was added. After further incubation at 27
• C for 5 h, the transfection mixture was removed and 2 ml of TC-100 (containing 2 mM L-glutamine, 0.5 mM non-essential amino acids, 0.01 % streptomycin, 100 units/ml penicillin G and 50 μg/ml gentamycin) plus 5 % FBS were added. The cells were incubated at 27
• C until a nearly complete cytopathic effect was reached (about 6 days). The cell suspension was centrifuged (500 g for 5 min and 4
• C) and the supernatant was stored at − 70
• C as a source of recombinant baculovirus. The cell pellet was resuspended in PBS and analysed by SDS/PAGE (8-10% gel) for VP2 expression. The recombinant baculovirus obtained was used to infect H5 cell monolayers at a multiplicity of infection of about 0.01 (for initial amplification) to 2 (for large-scale purification), and the cells were incubated at 27
• C for 3 days, harvested and centrifuged (500 g for 5 min and 4
• C). The supernatant was stored at − 70
• C as a source of recombinant baculovirus. The cell pellet was resuspended in the same volume of PBS and centrifuged again (500 g for 5 min and 4
• C). The washed pellet was then thoroughly resuspended in lysis buffer [50 mM Tris/HCl (pH 8), 150 mM NaCl, 0.2% Triton X-100 and 0.5 mM EDTA], and frozen at − 70
• C as a source of VLPs.
Purification of MVM particles
VLPs were purified following a previously published procedure [21] , including centrifugation through sucrose cushions and gradients. Purified VLP preparations were extensively dialysed against PBS and stored at 4 • C or − 70 • C. When needed, VLPs were concentrated by ultrafiltration in Amicon 100 units (Amicon). Purity was assessed by SDS/PAGE (8-10% gel) and electron microscopy.
DNA-filled MVM virions were purified from NB324K cells electroporated with the infectious plasmids according to a previously described methodology [26] , including recent modifications [30] . The amount of purified virions were quantified by haemagglutination with mouse erythrocytes [41] and stored at − 70
• C in aliquots until use.
Infectivity assays
Infectious viruses produced in transfections ( Figure 1C ) were titrated in standard plaque-formation assays. To ensure quantitative transfections, samples were first normalized for capsid protein expression by Western blotting as described previously [30] . For each mutant the titre was obtained from 2-3 independent determinations performed in duplicate within the same experiment, and the average value was normalized relative to the average titre obtained for the non-mutated control in the same experiment. For determination of the specific infectivity of purified DNAfilled virions, a previously described methodology was followed [26, 30] . In brief, purified virions quantified by haemagglutination were inoculated in duplicate serial dilutions on NB324K cell monolayers seeded on to glass coverslips at a density of 2× 10 4 cells/cm 2 . Infectivity was determined by immunofluorescence staining with the anti-VPs antibody at 24 hpi (hours postinfection), counting the fluorescent foci (VP + cells) in the coverslips.
Analysis of the conformational changes of the VLPs by spectrofluorimetry
The conformation and thermostability of viral particles were analysed by following the changes in their intrinsic tryptophan residue fluorescence when subjected to thermal gradients as described previously [22] . A Varian Cary Eclipse luminescence spectrophotometer equipped with a Peltier temperature control unit was used. The fluorescence intensity changes corresponding to the transitions observed were fitted to simple co-operative unimolecular processes using the program Kaleidagraph (Abelbeck Software) and eqn (1) in [22] , and the transition temperatures T m1 (conformational rearrangement) and T m2 (capsid dissociation) were obtained. For the reaction kinetics measurements of the conformational transition, VLPs were kept at 40
• C (just below the range where the transition occurs), the conformational rearrangement was triggered by rapid heating to 50
• C (above that range) and the capsid intrinsic fluorescence was determined as a function of time. To probe the reverse reaction, VLPs kept at 50
• C were rapidly cooled to 40
• C and the intrinsic fluorescence determined again as a function of time. Data were collected every second, fitted to a single exponential first-order decay curve using eqn (3) in [22] , and the rate constants k on and k off were obtained.
Analysis of 2Nt externalization by specific proteolysis
For analysis of heat-induced 2Nt externalization in VLPs, purified particles supplemented with trypsin (sequencing grade, Roche) were subjected to a thermal gradient as described previously [22] . Aliquots were taken at the specified temperatures, and the relative amounts of intact and N-terminal-cleaved capsid subunits were determined by SDS/PAGE (8 % gel) and densitometry of the stained bands. In these experiments trypsin was present at a large excess. Thus no correction for trypsin activity loss on heating was needed at the relevant temperatures (below 60
• C). The data were fitted to sigmoidal co-operative transitions using the program Kaleidagraph and the transition temperature T mNt was obtained [22] .
Molecular graphics and structural analyses
The PDB co-ordinates of the MVMi virion (PDB codes 1MVM and 1Z1C) [15, 16] , MVMp empty capsid (PDB code 1Z14) [16] , CPV virion (PDB code 4DPV) [31, 42] and CPV empty capsid (PDB code 2CAS) [33] were used.
RESULTS
Conserved glycine residues within the glycine-rich tract of the VP proteins are important for MVM infection
To get insights into the role of the glycine-rich tract (VP2 residues 28-38) in MVM, some glycine residues were selected for mutational analysis based on: (i) high conservation between genera of the Parvoviridae and absolute conservation within the parvoviruses [14, 35] (Figure 1A) , as a suggestion for functional relevance; and (ii) the crystal structure of the MVM virion [15, 16] , to choose residues located at positions well within the capsid fivefold channel ( Figure 1B) , past the narrowest constriction near the pore base (VP2 residue 172 [15, 43] ), as larger residues could not be accommodated at these positions without expansion of the pore walls [15, 31] . Gly 31 and Gly 33 were thus chosen ( Figures 1A  and 1B) . Based on the suggestion advanced by Rossmann and colleagues that small size, absence of a side chain and/or flexibility of the glycine residues in this capsid region may be functionally important [33, 34] , we have individually substituted residues with side chains of increasing volume for Gly 31 or/and Gly 33 . To preserve the local nonpolar character, alanine, valine, leucine and phenylalanine residues (in order of increasing side chain size) were substituted; the double mutant G31F/G33F was also constructed.
These nine mutations were introduced in a MVM infectious DNA clone and analysed for functional effects. Transfection of the NB324K permissive host cells with the infectious clones showed that the normalized titre at 48 hpt (hours post-transfection) of all mutant viruses was reduced relative with the non-mutated [WT (wild-type)] control ( Figure 1C ). Interestingly, with the exception of the G33A and G31F mutants, a good correlation was found between the reduction in infectivity and the size of the substituted side chain. Reductions could be classified as mild (G31A, G33V and G31V), intermediate (G33A and G31F) and substantial (G31L, G33L, G33F and G31F/G33F). At 96 hpt, enough time for several cycles of infection, the infectious viral progeny released was clearly reduced in all nine mutants to about 0.003-0.05 % of the control (results not shown). These results showed that Gly 31 and Gly 33 in the glycine-rich tract have an important role in the MVM life cycle.
Glycine residues within the glycine-rich tract are not required for capsid assembly
In the capsid of MVM and related parvoviruses the loops of five capsid protein subunits that line each five-fold axis pore constitute also a part of the interfaces between the VP trimers [15, 16] , which constitute MVM assembly intermediates [23, 26, 38, 39] . Both in the empty capsid and in the virion the glycine-rich tract could facilitate or participate in the intersubunit interactions required for capsid assembly and/or stability. To investigate whether Gly 31 or Gly 33 are needed for assembly, MVM-permissive NB324K cells were transfected with the plasmid pSVtk-VP1/2 containing the MVMp capsid proteins gene, individually carrying the nine mutations described above, or with the WT plasmid. VP protein expression and capsid assembly were determined by in situ IF using specific antibodies. The results (see Figure 2A for some representative micrographs) reproducibly showed that the nine mutants synthesize VPs that are able to efficiently assemble into capsids. The signal ratio obtained with the anticapsid antibody relative with that obtained with the anti-VP antibody was similar in all cases including WT (within the range of 80-95 %; results not shown). Furthermore, as described below, assembled VLPs carrying mutations of Gly 31 or Gly 33 could be quantitatively purified from insect cells. Therefore these glycine residues do not significantly contribute to capsid assembly.
Bulkier residues within the glycine-rich tract impair the efficiency of 2Nt externalization in MVM virions
We next analysed whether Gly 31 and Gly 33 are needed to facilitate externalization of the 2Nt of capsid subunits during virion morphogenesis in the nucleus. First, NB324K cells were transfected with MVM infectious clones individually carrying the nine mutations described above or with the WT clone. Assembly of viral particles and externalization of the 2Nt domain were determined by in situ IF assays with the respective specific antibodies. The results ( Figure 2B ) revealed that the glycine mutations reduced the efficiency of 2Nt externalization to different extents. To determine the externalization efficiency, the proportion Purified WT and mutant (G33F and G31A) DNA-filled virions were incubated at 37 • C in the absence (input, I) or in the presence of decreasing amounts of trypsin (T). Digestions were performed with 15 (wt and G31A) or 10 (G33F) ng of purified virions and the amounts of trypsin indicated in micrograms, under conditions described recently [30] . Samples were analysed by Western blotting with the anti-VPs polyclonal antibody. The positions of the VP1, VP2 and VP3 capsid proteins are indicated.
of cells that yielded a positive anti-2Nt nuclear fluorescence signal above a sensitivity threshold was determined, and normalized against the proportion of cells that yielded a positive anticapsid signal. As shown in Figure 2 (C), the 2Nt externalization efficiency was inversely correlated with the size of the substituted side chain at either position, from a methyl in alanine residues (maximum externalization) to a phenyl group in phenylalanine residues (minimum externalization), through the medium-sized aliphatic groups in valine and leucine residues (intermediate effect). Substitutions at Gly 31 and Gly 33 showed similar effects on 2Nt externalization, whereas the G31F and G33F combined mutations had no greater effect than either mutation alone.
The analysis of 2Nt externalization in viral particles by IF of transfected cells might nevertheless overestimate the phenomenon as VP pre-assembled subunits could also react with the anti2Nt antibody. Moreover, the mutations at the glycine-rich tract could interfere with viral genome encapsidation, which for several parvoviruses was suggested to occur through a five-fold channel in pre-assembled capsids [44, 45] . If so, a weak 2Nt staining could reflect an encapsidation defect of the maturing virions rather than an impairment in 2Nt translocation. To avoid any misinterpretation, we purified DNA-filled virions to evaluate in vitro the effect of representative glycine mutations. The G31A and G33F mutant virions, and the non-mutated WT control, could be quantitatively produced and purified following a large-scale transfection method [30] , and their structural proteins resolved in blots (Figure 3 ). These results indicated that these mutations do not significantly impair viral genome encapsidation into viral particles.
To determine the proportion of the VP2 subunits having their 2Nt segment exposed outside of the capsid in those virions, samples were subjected to increasing trypsin doses followed by Western blot analysis of the resulting VP2/VP3 ratios. As shown in Figure 3 , the freshly purified virions yielded significantly different basal VP2/VP3 ratios, notably a virtual lack of VP3 in the G33F virion, suggesting variable accessibility of their 2Nt to proteases during maturation and propagation in cell culture. In addition, whereas the mutation G31A had no discernible effect on the susceptibility of VP2 to proteolysis, the G33F mutation drastically impaired the proteolytic attack to VP2 subunits, even at the highest trypsin doses. These results are consistent with those obtained by IF, and provided further direct proof that mutations of the glycinerich tract involving a substantial increase in side chain size clearly impair the efficiency of 2Nt externalization in DNA-filled MVM virions. 
Conformational dynamics of MVM empty particles carrying mutations at the glycine-rich tract
VLPs of MVM are nearly identical to authentic capsids [21] except for the absence of phosphorylation [23] and of the disordered VP1uR inside [16] . As for natural capsids, mild heating of VLPs provides the energy needed to allow externalization of N-terminal region segments [21] [22] [23] . In addition, a heatinduced conformational transition of the capsid associated to 2Nt externalization has been detected in VLPs of MVM by observing a small sigmoidal variation in VLP fluorescence, owing to a modest change in solvent exposure of some tryptophan residues [22, 37] . As no tryptophan residues are located in the immediate vicinity of the pores (Figure 4A ), this conformational rearrangement is not limited to the opening of the pores [22] . It is as yet unclear whether this transition occurs in other parvoviruses. A similar variation in fluorescence intensity could not be ascertained for CPV [46] , but this could be owing to the different location and structural environment of some tryptophan residues in the CPV compared with the MVM capsid, making a putative transition in CPV spectroscopically invisible. In the VLPs of MVM, however, this transition and the associated change in tryptophan residue fluorescence have been completely verified by a number of observations: (i) the variation in fluorescence is significant and completely reproducible [22, 37, 47] ; (ii) it occurs in many mutant VLPs, but not in those which carry amino acid substitutions around the base of the capsid pores that are deleterious for the virion at physiological temperature [37, 47] ; and (iii) the variation in fluorescence can be recovered by back-mutation in those latter mutants [47] .
We have taken advantage of the possibility to detect this conformational transition associated to 2Nt externalization in the VLPs of MVM to analyse whether it could be also affected by mutations at the glycine-rich tract. VLPs containing representative mutations which had a minor effect (G31A) or substantially impaired (G33F) 2Nt externalization in virions (Figures 2 and  3) were constructed and purified, and their conformational changes were compared with those of non-mutated VLPs in thermal gradient experiments followed by tryptophan residue fluorescence. The first sigmoidal (co-operative) transition observed occurred in all three cases ( Figure 4B ). However, whereas the corresponding transition temperatures (T m ) obtained for the non-mutated VLP and the alanine residue mutant were similar, the T m value of the phenylalanine mutant was significantly higher (49.2 + − 2.0
• C) in repeated experiments ( Figure 4B and Table 1 ). Thus the energy required for triggering a capsid conformational rearrangement associated with 2Nt translocation was increased by substantially increasing the size of a side chain within the glycine-rich tract. Kinetic analysis of this conformational transition in VLPs ( Figure 4C and Table 1 ) revealed that the forward reaction for the alanine residue mutant or the phenylalanine mutant was, respectively, very close or significantly lower than that of the WT control. The reverse reaction proceeded at a rate that was similar for the two mutants and the WT VLPs.
The extent of 2Nt externalization in VLPs subjected to heat was also compared directly in trypsinization assays. The results revealed no increase in the T m value of 2Nt externalization in the G31A mutant and a significant increase in the T m value for the G33F mutant compared with the WT VLPs (Table 1) , consistent with the results obtained by tryptophan residue fluorescence. These results, together with those obtained on 2Nt externalization in virions (Figures 2 and 3) , indicate that the G33F, but not the G31A, mutation has a negative effect on the dynamics of the pore region and 2Nt translocation.
Finally, the effect of the G31A and G33F mutations on the thermal stability of the capsid was also analysed. Temperatures much higher than those at which the capsid conformational rearrangement occurs lead to viral particle dissociation [21] [22] [23] 48] ; thus any capsid-destabilizing effect of mutations can be precisely identified by determining the T m value of the corresponding transition followed by tryptophan residue intrinsic fluorescence [22] . As shown in Figure 4(D) , the capsid dissociation curves and the T m value obtained for this transition (74.0-74.8 + − 0.4
• C) with the G31A and G33F mutants and the WT VLP (see Table 1 ), were indistinguishable from each other. These results indicate that introduction of even a bulky side chain within the glycine-rich tract does not impair capsid stability against dissociation into subunits.
Mutations at the glycine-rich tract impair the initiation of MVM infection
Replacement of Gly 31 or Gly 33 by larger side chain residues had negative effects on 2Nt externalization in virions maturing in cells ( Figures 2B and 2C ) and purified virions in vitro (Figure 3) . It has been shown that MVM virions in which 2Nt externalization was hampered by an inserted heterologous peptide failed to initiate infection [30] . Accordingly, we analysed whether mutations introduced in the glycine-rich tract, that impair MVM infectivity to different extents ( Figure 1C) , could affect early stages of MVM infection as well. To do this, the G31A, G33A and G33F mutant virions and the WT were purified from large-scale transfections as above, and quantificated by haemagglutination. Serial amounts of virions were inoculated into NB324K cell monolayers seeded on coverslips and their infectivity was monitored via cells showing VP expression in the first round of the infection cycle (at 24 hpi) by IF staining, as described recently [30] . The capacity of the virions to initiate infection, their specific infectivity, was quantificated as the percentage of VP-expressing cells normalized by the amount of inoculated purified particles. The results ( Figure 5 ) indicated that the three mutations negatively affected the capacity of MVM to initiate infection. The inhibitory effects, as compared with WT infectivity, were minor (5-fold reduction) for G31A, intermediate (20-fold reduction) for G33A or severe (600-fold reduction) for the G33F mutants. Therefore mutations of residues of the glycinerich tract that affect, to different extents, 2Nt externalization proportionally impair the infectious entry process.
DISCUSSION
Roles of the glycine-rich tract in the structural rearrangements of the MVM capsid pore
The present study provides proof for a functional relevance of glycine residues within the conserved glycine-rich tract in the capsid proteins of MVM and related parvoviruses. Bulkier residues in this tract hampered 2Nt exposure in maturing virions inside cells and in DNA-filled purified particles, as well as 2Nt externalization and the associated conformational transition in heated VLPs. The trypsin cleavage sites of MVM virus in vitro were mapped at the Arg 19 and Arg 22 residues of VP2 [49] , indicating that the G33F mutation essentially halts 2Nt exposure before Arg 19 becomes externalized in the virion. Interestingly, the restriction imposed by the G33F mutation on the cleavage by trypsin of VP2 subunits in purified virions (Figure 3 ) was apparently more severe than that imposed by a peptide (termed V1) carrying a bulkier tryptophan residue side chain and inserted at the second residue of 2Nt [30] . This observation suggests that position in addition to bulk may be an important factor in hampering the exposure of 2Nt through the pore.
This role of the glycine-rich tract in MVM pore dynamics, together with previous studies, support the notion that the energy supplied by DNA encapsidation, or heating of the VLP, facilitates the opening of the five-fold axes pores, leading to slight rearrangements of capsid residues surrounding the pores up to a certain distance (reported by the change of tryptophan residue fluorescence). Opening of the pores, in turn, facilitates 2Nt externalization through them by diffusion in empty particles, or by steric effects caused by the DNA inside the virion. If pores did not open, no residue bulkier than glycine would be able to pass through them. Once the glycine-rich tract fully enters the channel, the virtual absence of side chains in this tract would allow the closing of the pore and the return of the capsid to its basal conformation, trapping the 2Nt outside. Indeed, in both the WT empty capsid (without 2Nt externalization) and in the virion (after 2Nt externalization), the pores are in a 'closed' state [15, 16] .
The structural restrictions to MVM capsid dynamics and 2Nt externalization by the mutations in the glycine-rich tract could be related to at least two possible non-excluding mechanisms. In the first mechanism, bulkier residues in the glycine-rich tract could lead to a greater impairment on the sliding out of this tract to reach its normal position within the channel. Once the 2Nt is close to fully externalized, the tendency to close the pore would increase the friction between the pore walls (especially through constrictions defined by the rings of Val 40 and Leu 172 close to its base [43] ) and the 2Nt. In the second mechanism, if the glycine-rich tract finally reaches its position within the channel, the bulky side chain introduced may cause a steric impairment on the closing of the pore. This could prevent the permanent trapping of the 2Nt outside, leading to a more dynamic situation in which the 2Nt would be sliding back and forth. The net effect could be a reduction in the residence time of the full-length 2Nt outside the viral particle. This second mechanism is consistent with previous observations by different groups that support a model of pore dynamics in the MVM capsid, as mutations of residues located at the base of the pores drastically reduce virus infectivity at 37
• C [37] and impair infection at a lower temperature [45, 50] . These mutations abolish the conformational transition associated to 2Nt externalization [37] by making the pore region mechanically less deformable [47] . Other groups have also reported the importance of some residues at the base of the pores for essential steps of the MVM infection cycle, such as VP N-terminal region externalization and DNA packaging, suggesting that these mutations may keep the pore in an open conformation [50, 51] . The impairment of conformational dynamics and mechanical flexibility of the pore region caused by these mutations is consistent with this suggestion [47] . In both models, therefore, glycine residues at the glycine-rich tract may be functionally required to preserve the flexibility of the pore region for the opening and closing of the pore, and to fully accomplish 2Nt translocation in the MVM particle.
The glycine-rich tract in the MVM infection cycle
Important functions of 2Nt have been described for two stages of the MVM life cycle. At the end of the cycle, the matured virions egress from the nucleus by means of a nuclear export signal configured by three phosphoserine residues of 2Nt [18] which is phosphorylated by the Raf-1 kinase [23] . Virions carrying glycineto-phenylalanine residue mutations in the glycine-rich tract are observed inside the nucleus, but showed a severe impairment in the externalization of the 2Nt sequence. Although this point remains to be studied, it is likely that these progeny virions are impeded to traffic outward of the cell nucleus [18] , therefore decreasing spreading to neighbouring cells and the overall infectivity in the cultures.
In addition, a key role for 2Nt in MVM entry into host cells has recently been demonstrated [30] . The removal of several 2Nt domains from purified virions prior to inoculation of the cells was irrelevant for the infection, but the 2Nt of some VP2 subunits had to be cleaved off intracellularly to allow the virions to initiate a productive infection [30] . Those results were interpreted by suggesting a 2Nt-driven enlargement of the virion pores at the endosomal low pH; this would allow the subsequent exposure of the long and complex VP1uR sequence (carrying essential entry functions [24] [25] [26] [27] [28] ) after cleavage of the 2Nt segment, and the retraction of the glycine-rich tract in the 2Nt that was occupying the pore [30] . The severely reduced ability of the G33F mutant virion to expose 2Nt in vitro and to initiate infection is consistent with the above data. Further experiments with cell-internalized virions would be required to fully understand the involvement of the glycine-rich tract in this process.
Finally, although not the subject of the present study, it cannot be excluded that, in addition to 2Nt externalization, the glycinerich tract could play a role in VP1 function during entry. The V1 peptide (see above) inserted at the C-terminus of VP1uR disrupted essential function(s) of VP1 in the MVM entry pathway [30] , and the defect was hypothesized to depend on an incomplete externalization of the entire 1Nt (thus including the sequence shared with 2Nt, which was affected by the insertion of V1). The V1 peptide insertion and the glycine residue mutations may share a common phenotype in hampering the stable translocation of both VP N-terminal regions (1Nt and 2Nt) through the capsid pores. If so, the glycine-rich tract would serve to close the pore protecting the genome, whereas the virions expose their VP Nterminal region-trafficking domains inside the cells.
To conclude, the present study reveals that very small residues are required at the glycine-rich tract in the parvovirus MVM, to allow the translocation of VP2 N-terminal segments (2Nt) through narrow capsid pores. Steric constraints caused by bulkier residues at these positions of the glycine-rich tract severely impair the key function that externalization and cleavage of the 2Nt inside the host cell plays in the initiation of MVM infection. These results demonstrate the exquisite dependence on geometric constraints of a biologically relevant translocation event in a viral macromolecular complex.
AUTHOR CONTRIBUTION
Milagros Castellanos, Rebeca Pérez, Alicia Rodríguez-Huete, Esther Grueso and José Almendral performed the experiments; Milagros Castellanos, José Almendral and Mauricio Mateu analysed the data; and José Almendral and Mauricio Mateu designed the study and wrote the paper.
